A combination of the temperature-and pressure-dependencies of the kinetic isotope effect on the proton coupled electron transfer during ascorbate oxidation by ferricyanide suggests that this reference reaction may exploit vibrationally assisted quantum tunnelling of the transferred proton.
The catalytic effect of enzymes -the rate enhancement relative to the uncatalysed rate (k cat /k uncat ) -is often unparalleled, yet the precise origin(s) of this catalytic effect remain unresolved. A major problem 1 remains the identification of good reference reactions that can be used to study the uncatalysed reaction. [2] [3] [4] One class of potential reference reactions involve the oxidation of L-ascorbate (HAsc À ; vitamin C) [5] [6] [7] [8] [9] [10] [11] [12] and are similar to the reactions catalysed by ascorbate peroxidase enzymes 13 and cytochrome b 561 proteins. 14 In aqueous solution, ascorbate can be oxidised in two sequential 1-electron transfer reactions (Scheme 1; DHA is dehydroascorbic acid) by oxidants including ferricyanide ([Fe(CN) 6 ] 3À ). 5, 11, 12 During the first step of the reaction (k 1 ), the electron transfer from ascorbate to ferricyanide appears to be kinetically-coupled to the proton transfer from ascorbate to solvent (i.e. a protoncoupled electron transfer; PCET), as modest solvent kinetic isotope effects (KIEs) have been observed on ferricyanide reduction. 7, 11, 12 Under certain solvent conditions, the magnitude of the observed KIE at room temperature is larger than the semi-classical limit of B7, suggesting that nuclear quantum mechanical tunnelling (NQMT) of the transferred proton occurs during the PCET reaction. 15 In addition, the temperature dependence of the Recent studies of PCET during ascorbate oxidation reactions have suggested that the degree of NQMT during this reaction is variable and dependent on solvent composition and/or the oxidant. [9] [10] [11] [12] In these cases, NQMT was inferred from either the magnitude of the KIE (KIE c 7) or the Arrhenius prefactor ratio (A H /A D { 1). 8, 10 A model PCET system where the degree of NQMT and the temperature dependence of the KIE varies would allow more rigorous testing of the promoting vibration hypothesis and the possibility that NQMT is catalytic. 1 However, further evidence that the solvent modulates the degree of NQMT during these reactions is desirable. In the absence of NQMT, KIEs on H-transfers arise due to differences in vibrational zero-point energy and thus the stretching frequency of the transferred H, D or T. 15 Generally, C-H stretches are insensitive to several kbar changes in pressure (the typical experimental range; 1 bar = 100 kPa), 19, 20 so pressure dependent KIEs have been used as evidence for the involvement of NQMT during H transfer. 21, 22 In this communication, we use both variable temperature and hydrostatic pressure 23 to further characterise the ascorbate-ferricyanide reaction and to determine whether it is possible to alter the degree of NQMT by altering the solvent composition; in this case, by the addition of tetraethylammonium chloride (TEA), a salt that has been shown to significantly increase both the magnitude and temperature dependence of the KIE on this reaction.
While both ascorbic acid (H 2 Asc) and ascorbate (HAsc À ) reduce ferricyanide, they do so with significantly different rate constants and associated thermodynamic parameters. 5 As we will focus on the more physiologically-relevant ascorbate reaction, we chose to work in buffered solution at pH 6.0, † where ascorbate is relatively stable 24 and the concentration of ascorbic acid negligible; the pK a of the H 2 Asc deprotonation to HAsc À is 4.1. 5 Further, as the corresponding reaction volume is reported to be À9.6 cm 3 mol À1 , 5 the pK a of ascorbic acid decreases with increasing pressure (Dln K a = ÀDV a /RT), so the concentration of ascorbic acid will be further diminished at elevated pressures.
The temperature-( Fig. 1 ) and pressure- (Fig. 2 ) dependencies of ferricyanide reduction by ascorbate were determined using stopped-flow spectrometry by monitoring the loss of ferricyanide absorbance at 420 nm. The PCET rate constant, k 1 (Scheme 1) was determined by: 11, 12 and these data were fit to eqn (1) or (2), with the resulting thermodynamic parameters given in Table 1 .
The observed activation parameters (DH ‡H , DS ‡H and DV ‡H ) are generally in good agreement with previous reports of similar reaction conditions, 5, 9, 12 suggesting that the presence of 50 mM MES buffer † does not significantly perturb the reaction. The reactions were repeated in buffered D 2 O solutions in order to determine the solvent KIE on the PCET during the reaction ( Fig. 1 and 2 ; Table 1 ). The pH of the D 2 O solutions (pH* 6.0, pD 6.4) was chosen to offset the change in ascorbate pK a caused by deuteration. 25 The reactions were performed with both 5 mM and 10 mM ascorbate (both in vast excess of ferricyanide) to confirm that the reaction is both strictly second-order, and that the KIE is independent of ascorbate concentration. Like previous reports, 9, 12 in the absence of TEA the observed KIE on k 1 is within the semi-classical limit (o7) at 25 1C and is only marginally temperature dependent. However, while the The data are fit to eqn (2) and the experimental conditions and symbol/ colour scheme is the same as used in Fig. 1 . Experiments were performed at 278 K in order to prevent significant ascorbate degradation during the relatively long lifetime of the experiment, which was typically 1-2 hours. 
The parameters are derived by fitting the data in Fig. 1A and 2A to eqn (1) and (2), respectively. The quoted errors are standard errors determined during the data fitting. a The tetraethylammonium chloride (TEA) concentration of 0.85 M was chosen to be >0.5 M (where the effect is saturated 12 ) and still in solution under all experimental conditions used in our study.
b k 1 was measured at 298 K. c k 1,0 , DV ‡H and DDV ‡ were determined at 278 K. 12 in the presence of high concentrations of TEA, the magnitude of the KIE becomes larger than the semiclassical limit, suggesting that NQMT plays a significant role during the PCET. 15 As the difference in activation enthalpy is significantly increased, while the pressure dependencies of both k 1 and the KIE are significantly reduced in the presence of TEA (Table 1) , it would appear that TEA may influence the (vibrational) coupling of the H-transfer to the environment -i.e. the apparent promoting vibration(s) that give rise to the temperaturedependence of the KIE. 23, 26 We recently determined the pressure-and temperaturedependence of the large KIE on proton transfer catalysed by aromatic amine dehydrogenase (AADH). In this case, the pressure dependence of the KIE was found to vary with temperature 27 and we concluded that while the AADH reaction clearly employs significant NQMT, 28 the pressure-dependence of this KIE is not a good diagnostic of NQMT in this reaction. In the presence of TEA, the ascorbate-ferricyanide reaction behaves in a similar manner: both the magnitude of the KIE and DDH ‡ suggest that significant NQMT is involved, yet DDV ‡ is negligible (Table 1) .
More generally, the data in the present study provide further evidence that while strongly pressure-dependent KIEs are likely to arise as a result of NQMT, the absence of a pressure dependence of a KIE on H transfer is not evidence for a lack of NQMT during the reaction. Taken together, the temperature and pressure dependencies of the KIE on the ascorbate-ferricyanide reaction suggest that NQMT plays a role during the reaction both in the presence (exalted KIE and increased DDH ‡ ) and absence of TEA (exalted DDV ‡ ). Further, the temperature dependence of the reaction in the presence of TEA is supportive evidence for the role of 'promoting vibrations'. 1, 16 There are few examples of small molecule systems that manifest strongly temperature-dependent KIEs. It has been suggested that the unusual temperature dependencies of the KIE on quinol oxidation 29, 30 may arise due to the involvement of donor-acceptor vibrational modes (i.e. promoting vibration(s)) as well as excited vibronic states in the Marcus inverted region. 31 In the case of the ascorbate-ferricyanide reaction, the PCET is likely to occur in a (transient) collisional complex formed between ascorbate and ferricyanide, as the reaction is secondorder. Also, as the proton acceptor is likely to be solvent water, the nature of any persistent donor-acceptor vibrational modes will be very different to those promoting vibrations proposed to play a role during enzyme-catalysed reactions. 1, [16] [17] [18] It is noteworthy that both the magnitude and temperature dependence of the KIE on the ascorbate-ferricyanide reaction is modulated by changes in solvent composition (Table 1 and e.g. ref. [9] [10] [11] [12] . The reorganisation energy is sensitive to the solvent composition, and if the PCET reaction involves significant contribution from donor and/or acceptor excited vibronic states, then the KIE may be significantly temperature dependent (as is the case when TEA is added; Fig. 1 ) and sensitive to the solvent reorganisation.
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The ascorbate-ferricyanide reaction should be tractable for further theoretical and/or computational analysis to determine the precise origins of the magnitude and temperature dependence of the KIE on its PCET reaction. In summary, the combination of the temperature-and pressure-dependencies of the KIE on the ascorbate-ferricyanide reaction have demonstrated that NQMT appears to play a role in the PCET during this reaction, both in the presence and absence of TEA, and is likely to be a general feature of the PCET during ascorbate oxidation. Significantly, the combined use of pressure and temperature allows one, in this case, to uncover NQMT contributions, which are not apparent when only looking at the magnitude or temperature-dependence of the KIE. Also, as the temperature dependence of the KIE is readily modulated by solvent composition, [9] [10] [11] [12] Notes and references † All materials were purchased from Sigma-Aldrich except D 2 O, which was purchased from Goss Scientific Equipment Ltd. L-H 2 Asc solutions were prepared on the day of use and their concentration was determined spectrophotometrically in B1 mM HCl by e = 7.5 mM À1 cm À1 at 245 nm. 24 All measurements were performed with 0.1 mM K 3 [Fe(CN) 6 ], 0.5 mM Na 2 EDTA and 50 mM MES (2-(N-morpholino)ethanesulfonic acid; pK a = 6.15) buffer, pH or pH* 6.0. MES was chosen due to its relatively low temperature (DpK a /T = À0.011 K À1 ) 32 and pressure (DV 0 = +3.9 cm 3 mol À1 ) 33 coefficients. Temperature-dependent stopped-flow experiments were performed with an Applied Photophysics (Leatherhead, UK) SX.18MV-R stopped-flow spectrophotometer. High-pressure experiments were performed using a Hi-Tech Scientific HPSF-56 highpressure stopped-flow spectrophotometer (TgK Scientific, Bradford on Avon, UK). In both cases, the reaction was monitored at 420 nm and fit to a single or double (to account for a minor slow-phase)-exponential function to determine k obs .
